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Fundamental symmetries & RIBs

Fundamental symmetries: and
of the Standard Model and Beyond
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Extremely rich field with connections to
e Nature of neutrino’s e Big bang nucleosynthesis

e Dark matter e Cosmology 3



Nature of dark matter

Visible matter # gravitational mass
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Good indications we're missing 80% of matter



Nature of neutrinos and mass mechanism

Neutrinos are all around, but elusive!

We don’t know Image by Sandbox Studio

e their mass e own antiparticle?

e how to give them mass e CP violation? 5



Baryogenesis

Why are we even here?

baryon density parameter 2h?
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Baryogenesis

Why are we even here?

baryon density parameter 2h?
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Meet the Standard Model

Three out of four
fundamental forces (no gravity):

Standard Model
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Meet the Standard Model

Three out of four
fundamental forces (no gravity):

Standard Model

18 free parameters

Great (annoyingly so), consistent
with constraints at ~ 10°~2 TeV

Open questions: dark matter,

gravity, neutrino masses, ...
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Introduction: Standard Model

What to do?

SM tests © low energy: sensitive to off-shell exotic physics
(footprints rather than actual beast)

Besides precision QED (ae,, rp, - - -), weak interactions probe

e (C)P violation Today
e CKM unitarity

e Lorentz structure Today

All of these can be probed using (nuclear) 5 decay with RIBs!



[ decay introduction

Require Lorentz invariance, get Lee-Yang Hamiltonian (SM: V — A)

M= Y. POinx&0i(Ci+ C\v°)ve
i=V,AS.P, T
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[ decay introduction

Require Lorentz invariance, get Lee-Yang Hamiltonian (SM: V — A)
M= Y. POinx&0i(Ci+ C\v°)ve
i=V,AS,P, T

Differential decay rate

Me Pe-p,  (J) Pe Py Pe X Py
Mo 14 b—= L AZE B 4D
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Baryon asymmetry

Already discussed baryon asymmetry:

n="2—"8 — 0(107")
5y
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Baryon asymmetry

Already discussed baryon asymmetry:

n="2"TB - o(10719)
Ny

SPECIAL BOOK EXCERPT

Baryon asymmetry can arise dynamically
on three conditions (Sakharov 1967)

e B-number violation
e CP violation

e Departure from equilibrium

First two present in SM but way too little,

Higgs too heavy for last
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CP violation searches with MORA

pPe-p  (J) Pe P,
Mo aAEe L Ty
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D term is T-odd, non-zero when Im(C;) # 0
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13



CP violation searches with MORA
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D term is T-odd, non-zero when Im(C;) # 0
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CP violation searches with MORA

m pe-p, , (J) Pe Pv
o<1+ b= —  |A— + B—
x 1+ E. + agy E.E, + 7 [ E. + E, + }

D term is T-odd, non-zero when Im(C;) # 0

Detection setups
Injected ion
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Paul
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Detection

I plane _ _

Annular Si
"/ detector |
v Recoil
Laser beam for optical .
P P measurement D correlation
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Currently at JYU, coming to DESIR. Talk by L.M. Motilla Martinez 13
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Fierz interference: Spectrum shape

Allowing exotic interactions (Cs, C1) modifies S spectrum

P(E.) = Standard Model x (1 + bF’?)

@
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Fierz interference: Spectrum shape

Allowing exotic interactions (Cs, C1) modifies S spectrum

@

P(E.) = Standard Model x (1 + bF’ge)

Fierz interference

b o< Re [[Mg[*(CsCy + CsCY) + |Mer2(Cr Ch + CHCH)]

Promising to directly measure spectra, but also tricky

e Detector linearity, energy losses, pile-up,...
e Theory spectrum calculation

See also talks by M. Kanafani, M. Lejoubioux

Naviliat-Cuncic, Gonzalez-Alonso PRC 94, 035503

LH et al., RMP 90 015008
ii5)



Mirror experimental status

Community is investi(gati)ng in different ideas

with new spectroscopy techniques & traps

with additional great progress in the A = 8 system

16



New technology: CRES

Cyclotron Radiation Emission

digitizer

Spectroscopy

He or "Ne
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Physical Review Letters 131 (2023), 082502 17



New technology: CRES

Use ratio method: ®He and °Ne have opposite br sign

0.8
El 2.5 Predicted —
s T (b=0) 10
0.4 —~

ié e 20{ .o :’ge_d\ite?
0.0 “g 15 Data

% 05 1.0 15 2.0 > @ 10! . )
w Beta Energy [MeV] Z 10 by Simulation
I12 7 [P I} e Larmor
o) , EC S <3
il 4 05 g TEy only
T06y - .
& . s | Data
r~ 0.0 _ 00y 200 255 3.0
‘12 w7 S,
> v .
206 ER I
g0 7 3 0 107t
g ’ 8-2.0
g g .
£00 0.25 025 & 1.5 2.0 25 3.0 10 15 20 25 30

Time [s] Tlme [5] Time [s] Main Field [T] Main Field [T]

Ratio means many systematic effects cancel to first order
Physical Review Letters 131 (2023), 082502
Investigating coupling to ion trap
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[ recoil spectroscopy

Spectroscopy experiments currently focused on 3 (e /e™), but
extremely demanding

e Detector linearity, energy losses, pile-up,...

e Theory spectrum calculation

Naviliat-Cuncic, Gonzalez-Alonso PRC 94, 035503; LH et al., RMP 90 015008
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[ recoil spectroscopy

Spectroscopy experiments currently focused on 3 (e /e™), but
extremely demanding

e Detector linearity, energy losses, pile-up,...

e Theory spectrum calculation

Naviliat-Cuncic, Gonzalez-Alonso PRC 94, 035503; LH et al., RMP 90 015008

Instead, recoil spectroscopy has interesting features

e Compressed energy range (<keV instead of ~ MeV)
e Electron capture gives single recoil peak

e Sensitive to S-v correlation for 5+ decay

20



Meet superconducting tunnel junctions

* Two electrodes separated by a thin insulating tunnel barrier

* Superconducting energy gap A is of order “meV
> High Energy Resolution (~1 eV)

* Timing resolution on the order of 10 us, making it among the
fastest high-resolution quantum sensors available
- “High” Rate (10 s per pixel)

™ /deal for RIB
Ta Al A Ta experiments at
AlOx ISAC

X-ray

~200 nm

0 - e

Image courtesy S. Fretwell (Mines)
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Superconducting tunnel junctions

22



BeESTOTRIUMF

"Be electron capture

e Responsible
for "Li creation in stars

e Essential contribution
to solar neutrino spectrum

Measurement campaign

1. Implantation at ISAC (TRIUMF)
2. Ship to LLNL

3. Cool down and measure

Al Alignment Sl)iél&i
Al Mask

Si Collimator

§TJs 284wm 208 um 138 68 25 pm

Si Substrate

Cu Holder

23



BeESTOTRIUMF

Most precise 'Be L/K capture measurement
10°

KGS
Laser

Phys. Rev. C 97, 054310 (2018) - . P
/ 1. Low Temp. Phys. 200, 200 (2020) Anti-coincident

T

10*

J. Low Temp. Phys. 209, 1063 (2022)
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o LES: 11.296(4) + 17
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Constraints on MeV-scale sterile neutrino's

PRL 126 (2021) 021803; PRL 125 (2020), 032701 24



2000

BeEST sterile neutrino limits
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up to phase IV

" Phases of the BeEST Experiment
Phase-IV

Operation of 128-Pixel Arrays of Al- H

2 Li interstitials 3
9]

i

™ 1
M

313133303
[ J Based STJs in Dilution Refrigerator |
Phase-llI
Scaling to 36- and 112- ’ 2026
Pixel Arrays of Ta-Based
STls 2024
Phase-II 2022

First Limits and Precision .
Device Characterization

2020

Phase-l o

Proof of Concept

o

26



STJ at RIBs

Can we do the same thing at radioactive ion beam facilities?

Introducing

Superconducting Array for Low Energy Radiation
27



Superconducting tunnel junctions

Concept to couple to beam line

sALER
Beam Line h%

Short-Lived Rare
Isotopes (T;/,>0.15)

—_——
c|lal ¢ Beam 0.2 -1MeV

* Measurements
performed in-situ
with beamline
coupled ADR

lon Beam (0.2 — 1 MeV) ] ~2mm

300 K

Si Mask for Beam Collimation

Ultra-Thin (120 nm) Before Alignment After Alignment

Thermal windows Mounted 36-Pixel Nb STJ Array

Portability allows easy installation (ISAC, SPIRAL2, FRIB,
ISOLDE, ...)
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SALERGFRIB

Commissioning in Fall 2023 at FRIB

Stopped beams : Reaccelerated beams Reaccelerated beams
<6 MeV/u for A/IQ=2 <12 MeV/u for AIQ=2

SOLARIS

Detector array will arrive late October! 29



SALER plans

HLC first physics target (long t1/2, unreachable with traps!)

tn BR Qulf) On b o
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Fractional uncertainty (%)
Relative error on Ft-value (%)

Mg Al TS| PP s e ¥ [ ue Iu,‘ 5O UE UNelNaDMgHAI TS MP NS BCl BAr UK ¥Ca

Parent nucleus Parent nucleus
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SALER plans

HLC first physics target (long t1/2, unreachable with traps!)
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SALER

Statistical sensitivity (Preliminary!)

100 4 —— A=0.6 MeV
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1E8 events (~ 1 day) statistical sensitivity 6V,q ~ 3.7 x 107*

(Full superallowed data set is 3.2 x 1074) -



Superconducting tunnel junctions

Exotic Dark
Matter
Searches

S. Fretwell et al, PRL 125, 032701 (2020)
S. Friedrich et al, JLTP 200, 200 (2020)

S. Friedrich et al., PRL 126, 021803 (2021)
K.G. Leach et al, arXiv:2112.02029 (2021)
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Summary & Outlook

Fundamental symmetries lives at the interface, connections to

many different fields

Nuclear 3 decay searches provide crucial input through variety of
experiments, haven't even talked about

e Neutrino mass e Big bang nucleosynthesis
measurements
e Dark matter searches o ...

Quantum sensing in 8 spectroscopy incoming, highly promising!
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Thank you

Thank you!

3 decay symmetries according to Stable Diffusion 37



Introduction: Weak interaction & CKM matrix

Cabibbo-Kobayashi-Maskawa matrix relates weak and mass
eigenstates

d Vud Vus Vub d
- Veo Vs Ve
b ) Via Vis Vi .

38



Introduction: Weak interaction & CKM matrix

Cabibbo-Kobayashi-Maskawa matrix relates weak and mass
eigenstates

d Vud Vus Vub d
- Veo Vs Ve
b ) Via Vis Vi .

Unitarity requires

|Vid)? + |Vus|® + | Vip|* = 1

38



Introduction: Weak interaction & CKM matrix

Cabibbo-Kobayashi-Maskawa matrix relates weak and mass
eigenstates

d Vud Vus Vub d
) = Veo Vs Ve S
b w th Vts th m

Unitarity requires
|Vud|2 + |VUS|2 + |\/ub‘2 =1
(nuclear) 3 decay, meson decay (7, K), |Vyp|?> ~ 1073

Violations are sensitive to TeV scale new physics!

39



CKM unitarity: V,, precision

Four (~)competitive channels of extracting Vg4

0*-0* Neutron Mirror Pion

I Experiment [ Radiative I Nuclear

Status of 07 — 0" great nuclear structure triumph

2018-2020 reanalysis nuclear structure current bottleneck 40



CKM unitarity: Current status

Signs of non-unitarity at few o level...

Disagreement between K/2 and KI3 |V,s| ‘Cabibbo angle anomaly’

0.228
SA \

n

/

0.2261 ki3
K2 1 /
/./

0.224

0.222 1 \
0.220 \

0.968 0.970 0.972 0.974 0.976 0.978
|Vud| 41
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